We have developed an improved AFM-based technique to measure intrinsic material roughness (IMR) after base development. We have found that similar results can be obtained by measuring the film roughness with a fixed develop time and variable dose to that of the previously reported interrupted development method, and thus a simple contrast curve can yield information on the innate material roughness of the exposed resists. It was found that the IMR is dependent on the PAG and the polymer employed in the resist. The IMR of the resist is also strongly dependent on the bake conditions, with increasing IMR at higher bake temperatures. Several PAGs have been identified that result in significantly lower material roughness and thus the potential for significantly reduced line width roughness in resist imaging. Evidence is presented that PAG segregation during the bake steps is responsible for increased IMR in exposed resists, presumably by increasing the dissolution rate inhomogeneity on a nano-scale level. It is also shown that the effects of PAG segregation can be mitigated by the choice of PAG and polymer for the resist.
INTRODUCTION
It is well established that aerial image contrast (AIC) will contribute to line edge roughness (LER) and hence LWR. This was first recognized in work with silylation resists where it was noted that a decrease in the image contrast resulting from deviations from best focus or exposure would lead to increased LER.
1 A detailed analysis of the effect of aerial image contrast was performed in which the image slope at the feature edge was varied and the resulting change in LER of several resists was determined. 2 It was noted that LER increased as the aerial image contrast decreased. But perhaps more importantly, it was determined that different resists have unique responses to changes in AIC, suggesting that the resist material's composition plays a major role in contributing to LER.
Characterizing the relationship of resist materials to LER through a systematic study represents an opportunity to reduce the degree of LWR. Unfortunately, the ability to do a systematic study of this relationship is limited in many cases by the nature of the relationship. Any systematic study that changes the resist material must also affect the resist contrast and thus lead to the issue that the material factor being studied influences the resist contrast, and hence LER, more than it influences the material roughness directly. It has been shown that attempts at a systematic study of resist materials have been hindered when certain combinations of materials produced resists that could not be studied due to poor imaging characteristics. 3 It therefore becomes necessary to remove the interplay of the resist contrast and AIC from the study of material contributions to image roughness.
In order to manifest any material differences into the final lithographic image, these material differences must be borne out in the development process. This was recognized in an investigation into factors contributing to LER where the development process was seen to be a major factor. 4 It was also reported that differences in the level of polymer deprotection can lead to distinct phase separated morphology and that surface roughness can be enhanced by the development process. 5 During the development process it was noted that the surface roughness was not constant in the resist, but depended on both the resist material and the amount of resist loss during the development process. 6 Thus it is expected that the resist dissolution properties will be a key factor in the propensity of a given resist to be prone to LER. These dissolution properties are a clear function of the resist material and give rise to the speculation that each unique material has an innate material roughness (IMR) that can be realized or partially suppressed during the development process. It would greatly improve resist understanding if factors that influence or control the IMR of a material can be understood.
One factor that has been studied as a possible material cause of LWR is polymer size. It is recognized that the polymer size is proportional to polymer molecular weight and that polymers that contain either lower molecular weights or small polydispersities exhibit lower surface roughness and presumably lower LER in negative resists. 7 This concept was extended to molecular type resists where hydrogen silsesquioxane and calixarene based negative resists were shown to exhibit lower surface roughness than polymer based resists. 8 We have also reported on the effect of phenolic materials, including not only phenolic based polymers, but also non-polymeric phenolic materials such as calixarenes and polyphenolic molecules, on lithographic properties of resolution and LER. It was shown that neither material size nor dissolution rate correlates with surface roughness. Instead, it appeared that material roughness is dissolution rate controlled, not in the absolute rate of dissolution, but instead in the homogeneity of the dissolution rate. 9 An alternate line of thinking suggests that material aggregates may be the root cause of resist surface roughness and again presumably LER. It has been suggested that phase separation into polymer rich and polymer poor regions with differing development characteristics are responsible for material roughness in PMMA resists. 10 It has also been observed that annealing polymer blends leads to a pronounced increase in surface roughness due to some type of phase separation. 11 These aggregates can also be due to PAG separation that would be a function of the polymer matrix. 12 It was also reported that aggregate size is a function of polymer molecular weight. 13 We previously employed an AFM-based technique to measure intrinsic material roughness after base development. This method involves performing an interrupted development of the resist film and after a certain fixed film loss, measuring the resulting film roughness.
14,15 Experimentally, we have found that all classes of phenol-based materials that we have studied reach a terminal material roughness (TMR) that can be considered the innate material roughness (IMR) after 50 nm of material loss. This IMR represents the intrinsic material roughness and is unique for different phenol-based materials. As part of this work, we deconstructed the resist to probe innate material roughness and identified the PAG as the major contributor of IMR. The concentration of PAG present in the resist has been shown to directly influence the amount of material roughness. It has also been shown that no difference in IMR occurs between exposed and unexposed PAG in a model resist.
We have also studied the effects of different PAG structures on the IMR of polymers. 16 The additional roughness imparted on a test polymer by incorporation of a series of iodonium, sulfonium, diazo and imido PAGs was measured and it was found that the dissolution inhibition properties of the PAG are important in influencing IMR, and a correlation was found between IMR and phenol C1 NMR shift as well as the log of the dissolution rate (DR) as a measure of the PAG inhibition, as would be predicted based on a percolation model.
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EXPERIMENTAL
The various poly(hydroxystyrene-co-styrene-co-t-butylacrylate) polymers were obtained from DuPont Electronic Polymers. Di(t-butylphenyl)iodonium nonafluoro-1-butanesulfonate (DTBPI-PFBS), di(tbutylphenyl)iodonium trifluoromethanesulfonate (DTBPI-Tf), di(t-butylphenyl)iodonium perfluorobenzenesulfonate (DTBPI-PFBzS), tri(t-butylphenyl)sulfonium trifluoromethanesulfonate (TTBPS-Tf), tri(t-butylphenyl)sulfonium perfluorobenzenesulfonate (TTBPS-PFBzS), tri(phenyl)sulfonium nonafluoro-1-butanesulfonate (TPS-PFBS), Nhydroxynorbornenedicarboximide trifluoromethansulfonate (NHNCI-Tf), N-hydroxynaphthaldicarboximide trifluoromethanesulfonate (NHNI-Tf), and N-hydroxynaphthaldicarboximide perfluorobenzenesulfonate (NHNI-PFBzS) were obtained from Toyo Gosei Kogyo. Tetrabutyl ammonium hydroxide (TBAH) was obtained from Aldrich Chemical. All resists were formulated based on materials weight percent with 95% polymer, 5% PAG and 0.38% TBAH in ethyl lactate solvent.
The surface roughness was determined on a Veeco Dimension 5000 AFM with scans performed in tapping mode on a 5 by 5 micrometer square area with 19.5 nm between sampling points. The RMS surface roughness was determined by Veeco analysis software. The IMR is determined by averaging all measured RMS values for film depths of greater than 50 nm.
All lithographic substrates were HMDS treated 6-inch silicon wafers. The 248-nm exposures employed an organic antireflection coating, Shipley AR3, that was coated to 65 nm on the silicon wafer, followed by a bake of 215°C for 60 seconds. All resists were coated to 250-nm and PAB baked at 140°C for 60 seconds. Following exposure, the resist was PEB baked for 90 seconds at temperatures of either 100 or 130°C. Development was by single puddle with Shipley LDD-26W and unless otherwise noted the development time was 40 seconds. All 248-nm exposures were with a Canon EX-4 248-nm 0.6 NA stepper.
RESULTS AND DISCUSSION
A very curious aspect of our previous work is that when PAG is exposed and thermal polymer deprotection is allowed to occur, as is normal in acid catalyzed resists and is seen in Figure 1 , increased levels of IMR are present. These increased levels are not uniformly distributed throughout the resist but instead are localized in regions of the resist that roughly correspond to standing wave antinodes. Even though the increase follows the standing wave, the relative intensity of the IMR is several times greater in variation than the light intensity variations within the resist film.
It was speculated that PAG segregation occurred during the bake steps and this was responsible for increased IMR in exposed resists, presumably by increasing the dissolution rate inhomogeneity on a nano-scale level. This was supported by the fact that the IMR of the resist is strongly dependent on the bake conditions, with increasing IMR at higher bake temperatures. One would expect that any intensity induced structure that occurred during the exposure of the resist would be removed or at least minimized during the PEB step and not exaggerated as was observed. Even more interesting is the fact that the levels of IMR both increase and the difference becomes more exaggerated at higher bake temperatures. This is counter to higher levels of acid diffusion at the higher bake temperatures smoothing the standing waves, but consistent with the additional thermal energy providing a path for material segregation in the resist.
Experimentally, we have found that the IMR level and the degree of segregation is dependent on the PAG and the polymer employed in the resist. Both are also strongly dependent on the bake conditions, with increasing IMR and apparent segregation occurring at higher bake temperatures. Several PAGs have been identified that result in significantly lower material roughness and thus the potential for significantly reduced line width roughness in resist imaging. We will also show how the effects of IMR and PAG segregation can be mitigated by the choice of PAG and polymer for the resist.
The general experimental conditions previously described to determine the IMR present in the resist as a result of exposure and subsequent acid catalyzed deprotection was to perform a series of contrast curves at different development conditions and select one or two exposure doses to depth profile by AFM. This required that up to 12 contrast curves at different development times be processed and an example of a typical contrast curve experiment is shown in Figure 2 where the resist process varies the development time between 5 and 120 seconds. The surface roughness of each die exposed at either 6.0 or 7.0 mJ/cm 2 was measured by AFM and the roughness as a function of film loss was determined as is shown in Figure 3 . The relative light intensity with depth is also shown in Figure 3 for comparative purposes. It can be seen that roughness varies between 4 and 12 nm with a period identical to the standing wave but somewhat offset. It is not clear if this offset is real or some unknown error was encountered in calculating the standing wave intensity. In an attempt to simplify the depth profiling procedure, the surface roughness of one of the contrast curves was also measured by AFM at an interval of roughly every 5 nm of film loss and the results are also shown in Figure 3 . It can be seen that the roughness determined from one contrast curve matches that from the initial depth profiling experiment. This represents a quicker and simpler method to determine the film roughness as a function of depth into the developed film and is employed in all subsequent measurements reported.
Temperature dependence on IMR
The initial work focused on four resists that contained either 65:20:15 or 70:20:10 poly(hydroxystyrene-costyrene-co-t-butylacrylate), an ESCAP type terpolymer, and either DTBPI-PFBS or TPS-PFBS PAG. A summary of the formulations as well as the IMR with a 100ºC or 130ºC PEB is shown in Table 1 . Both resists containing Polymer-J exhibited the same periodic function as to surface roughness, corresponding to the standing wave intensity, as seen in Figure 4 . The DTBPI-PFBS containing resist had a slightly higher IMR roughness peak than the TPS-PFBS containing resist with both a 100ºC and 130ºC PEB. It is interesting that the 130ºC PEB in both cases exhibits increased roughness relative to the lower 100ºC PEB. As mentioned earlier, increased acid diffusion at the higher PEB should mitigate and not enhance any effects of exposure intensity variation, calculated at ± 5%, in the film due to standing waves. The increase in roughness would imply that any diffusion at the higher bake temperature is acting to increase and not decrease structure in the resist, a fact consistent with thermally driven material segregation. A similar experiment employing Polymer-T is shown in Figure 5 . The same two PAGs again show the same periodic function as to surface roughness with again the DTBPI-PFBS containing resist having a slightly higher RMS roughness peak than the TPS-PFBS containing resist with both a 100ºC and 130ºC PEB. Again, the IMR of the resist as well as the values of the peaks and valleys of the periodic structure are greatly increased with the higher bake temperature. The increase in roughness again implies that any diffusion at the higher bake temperature is acting to increase and not decrease structure in the resist, again consistent with thermally driven material segregation.
It is clear that the resist is exhibiting periodic structure as to surface roughness after development with several related polymers and PAG. It would be important to determine the effect both the polymer and PAG had on both IMR and this periodic increase in surface roughness possibly due to PAG or PAG photoproduct segregation.
Effect of PAG on IMR
We had previously shown that some types of PAGs exhibited less surface roughness in synthetically prepared partially deprotected polymers. 16 One class of PAG that exhibited partially low IMR was imino PAGs. Two new sets of resists were prepared in which imino PAGs were compared to either iodonium or sulfonium PAGs. The first set of three resists contained 65:20:15 poly(hydroxystyrene-co-styrene-co-t-butylacrylate) and either DTBPI-PFBzS, TPS-PFBzS or NHNCI-PFBzS PAG. A summary of the formulations as well as the IMR with a 100ºC or 130ºC PEB is shown in Table  1 .
The two resists containing the iodonium or sulfonium PAGs show very similar behavior to previous onium PAGs in that a periodic fluctuation in surface roughness occurs that roughly corresponds to the exposure intensity standing wave. The imino PAG does not give the same surface roughness intensity although a much reduced periodic fluctuation can still be seen with a 100ºC PEB as seen in Figure 4 . Again similar to the earlier reported PAGs, the iodonium or sulfonium PAGs at 130ºC PEB again show a doubling in both the IMR of the resists and intensity of the roughness change from the peak to valley as seen in Figure 5 . With the 130ºC PEB, the imino PAG has increased IMR, but the periodic fluctuation in roughness is not apparent.
The second set of four resists contained 65:20:15 poly(hydroxystyrene-co-styrene-co-t-butylacrylate) and either DTBPI-Tf, TPS-Tf, NHNI-Tf, or NHNCI-Tf PAG. A summary of the formulations as well as the IMR with only a 100ºC PEB is shown in Table 1 . Again the two resists containing the iodonium or sulfonium PAGs show a periodic fluctuation in surface roughness occurs that roughly corresponds to the exposure intensity standing wave as can been seen in Figure 8 . In contrast, the two imino PAGs shown much reduced surface roughness and little if any periodic fluctuation in roughness, although the limited number of points with the NHNI-Tf would make this fluctuation difficult to ascertain.
It can be seen that three sets of iodonium or sulfonium PAGs show two very distinct and reproducible features. All have a periodic fluctuation of the AFM measured surface roughness as a function of developed depth into the resist film. This periodic fluctuation roughly corresponds to the exposure intensity of the standing wave but at a level that is over ten times the magnitude of the standing wave intensity change that was calculated for the resist over ARC. The second feature is that the magnitude of the roughness change increases by about a factor of two with higher PEB temperature. This would not be expected if the cause of this periodic fluctuation was related to some initial inhomogeneity of the acid distribution caused by different exposure energy as a result of standing waves or different degrees of polymer deprotection as a result of small differences in the initial acid distribution. The higher PEB temperature would result in higher levels of acid diffusion that should remove these effects. In addition, the imino PAGs would be expected to have the same initial acid distribution and a similar amount of polymer deprotection, yet the magnitude of the periodic fluctuation of roughness is much less.
The increase in the magnitude of the roughness change is consistent with thermally driven material segregation, most likely being the PAG, causing small-scale dissolution inhomogeneities. The lack of this periodic feature with the imino PAGs would imply that either this material segregation is not favored or that if it occurs, the propensity for these PAGs to give lower IMR by nature of their lower dissolution inhibition properties makes the material segregation less obvious from a surface roughness standpoint.
Effect of polymer on IMR
A final set of resists were prepared in which DTBPI-PFBS PAG was employed with a variety of poly(hydroxystyrene-co-styrene-co-t-butylacrylate) polymers. A summary of the formulations as well as the IMR with a 100ºC PEB is shown in Table 2 . The polymers differed by both their initial monomer charge and their molecular weight. Figure 9 shows the surface roughness as a function of film loss from the contrast curve. It is clear that some polymers exhibited much larger periodic fluctuation in film roughness as well as larger IMR values.
In all cases where both 100ºC and 130ºC PEB was employed the 130ºC PEB always showed much higher IMR than that with 100ºC PEB. It may be temping to introduce a shot noise based argument in which higher PEB temperatures would give more sensitive resists and consequently increased IMR. For this argument to be valid, it would have to hold that IMR is directly related to resist sensitivity. The sensitivity of all resists evaluated with a 100ºC PEB and when available a 130ºC PEB is compared to the IMR values of those resists in Figure 10 . It can be clearly seen that no correlation exists between IMR and resist sensitivity. It is also observed that IMR for resists processed with a 100ºC PEB can be equivalent or even greater that the IMR for resists processed with a 130ºC PEB, although in all cases where a single resist is compared at both temperatures, that resist's IMR is always greater at 130ºC PEB.
Initial analysis of the data showed a rough correlation of exposed resist IMR to the amount of t-butylacrylate in the polymer and also a rough inverse correlation of exposed resist IMR to the amount of hydroxystyrene in the polymer. In order to further ascertain the relationship between exposed resist IMR and the polymer composition, a statistical analysis was performed. ECHIP statistical analysis software was used with a model that accounted for the levels of the three monomers as well as interaction terms. Initial evaluation showed that only the levels of hydroxystyrene and t-butylacrylate were statistically significant as predictors of IMR. Table 3 shows the final ECHIP output with a reduced model containing hydroxystyrene and t-butylacrylate levels. The two-factor model is statistically significant to the 99% confidence level. A graphic representation of the predicted IMR values based on the two-factor model is seen in Figure 11 . Here the lowest and presumed best values for IMR can be obtained with the highest levels of hydroxystyrene (70 mole %) and the lowest levels of t-butylacrylate (10 mole %). It is noted that the model does not predict that the level of styrene present in the polymer will affect the IMR. This would allow the styrene level to be employed as a variable in tuning polymer lithographic performance without effect on resist IMR. It is difficult to unequivocally attribute these findings to a physical model of how IMR is being suppressed, although it is clear that the polymer composition affects the resultant exposed resist IMR.
CONCLUSIONS
We have developed an improved AFM-based technique to measure intrinsic material roughness after base development. The roughness determined from one contrast curve matches that from the earlier depth profiling experiments employing multiple contrast curves. This represents a quicker and simpler method to determine the film roughness as a function of depth into the developed film.
It was found that the IMR level and the degree of PAG segregation is dependent on the PAG and the polymer employed in the resist. Both are also strongly dependent on the bake conditions, with increasing IMR and apparent segregation occurring at higher bake temperatures. It would be expected that any periodic structure that occurred during the exposure of the resist would be removed or at least minimized during the PEB step and not exaggerated as was observed. This is counter the expectation that higher levels of acid diffusion at the higher bake temperatures will smooth any roughness effects associated with standing waves, but consistent with the additional thermal energy providing a path for material segregation in the resist.
Several PAGs have been identified that result in significantly lower material roughness and thus the potential for significantly reduced line width roughness in resist imaging. Iodonium or sulfonium PAGs show a periodic fluctuation in surface roughness that roughly corresponds to the exposure intensity standing wave. In contrast, imino PAGs show much reduced surface roughness and little if any periodic fluctuation in roughness.
The composition of ESCAP type terpolymers also influences the amount of IMR present in exposed resists.
The lowest values for IMR can be obtained with the highest levels of hydroxystyrene and the lowest levels of tbutylacrylate. It is noted that the model does not predict that the level of styrene present in the polymer will affect the IMR.
We proposed that the observed film roughness is a result of PAG or PAG-based photoproducts segregating, possibly by phase separation at a nano-scale level. The segregation of the PAG results in nano-scale dissolution inhomogenities and these inhomogenities are responsible for the observed material roughness.
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